Abstract
Detailed studies of trenches 14D and 14C on the Bow Ridge fault, a north-striking, steeply dipping (75"W) normal fault that bounds the northeastern edge of Yucca Mountain, indicate two to three displacements and long recurrence intervals during the middle to late Quaternary. The main trace of the fault is marked by a thick (20-40 centimeters wide) subvertical shear zone coated with multiple carbonate-silica laminae and several generations of fine-grained fissure-fill debris. Exposed in the trenches is a vertically stacked sequence of thin (0.3-1.5 meters thick) fine-grained colluvial, alluvial, and eolian deposits that commonly contain smaller wedgeshaped units or several weakly to strongly developed buried paleosols, or both. The ages of these assigned deposits, which range from early Pleistocene to Holocene, are based on correlations with a regional chronosequence combined with five new geochronologic ages determined by thermoluminescence and U-series disequilibrium methods. The two to three surface-rupture events are recognized at discrete stratigraphic intervals in the sequence based on (a) incremental upsection decreases in offset of marker horizons, (b) upward terminations of shear zones, fissure fills, and fractures, and (c) the position of small scarp-derived colluvial wedges deposited adjacent to the fault above downfaulted marker horizons. Preferred estimates of the vertical displacements per event are 12 and 40 centimeters. Left-oblique striations (35'45" plunges) are observed on carbonate fault laminae, which, if tectonic in origin, increase the vertical displacements by factors of 1.1 to 1.7, yielding preferred net slip displacements per event of 13 to 70 centimeters. Thermoluminescence ages of 48eO and 132S3 thousand years bracket the ages of the events, which probably occurred near the bounding ages of the time interval. These age constraints suggest long, average recurrence intervals between the three events of 75 to 2 10 ky; the preferred values range between 100 to 140 ky. The small net cumulative displacement of two dated reference horizons yield very low fault slip rates of 0.002 to 0.007 millimeters per year; the preferred value is 0.003 millimeters per year. Both recurrence interval and slip rates should be treated with caution because they are based on calculation fiom, at most, two discrete faulting events.
INTRODUCTION
Site characterizations for high-level nuclear waste repositories must address seismic hazard issues, such as ground motions and surface displacements associated with earthquakes on faults in and adjacent to the site. Seismic hazard analyses are prerequisite elements of Preclosure [Site Characterization Plan (SCP) Activity 8.3.1.171 and Postclosure (SCP Activity 8.3.1.8) tectonic studies for the potential repository at Yucca Mountain in southwestern Nevada (U.S. Department of Energy, 1988) . Seismic source characterization is a key element of seismic hazard analysis that utilizes site-specific data on Quaternary faulting, including fault geometry, the number, amounts, and ages of individual surface displacements, earthquake recurrence intervals, and fault slip rates (Allen, 1986; Schwartz, 1988; dePolo and Slemmons, 1990; Reiter, 1990) . Paleoseismic data on major local and regional faults that have known or suspected Quaternary activity in the Yucca Mountain area are being provided by detailed investigations at numerous sites where faults are exposed in trenches or natural exposures (Simonds and others, 1995; Simonds and Whitney, 1993; Menges and others, 1994; Pezzopane and others, 1994) .
The Bow Ridge fault is a 6-to 10-km-long normal to normal-oblique fault that is an important element in the system of faults that displace middle Miocene volcanic rocks in the northeastern corner of Yucca Mountain (figs. 1,2) (Lipman and McKay, 1965; Scott and Bonk, 1984; Scott, 1990; Frizzell and Shulters, 1990; Simonds and others, 1995) . The Bow Ridge fault strikes north to northeast (N. 5"-20" E.), although the section to the south of Bow Ridge may veer into a more northwesterly orientation. The fault dips subvertical to steeply westward in outcrop and trench exposures (Scott and Bonk, 1984; Simonds and others, 1995) , and structural cross-sections, borehole data, and subsurface exposures of the fault in tunnel walls indicate steep westward dips of 60O-65" at depths of 60 to 70 m (Scott and Bonk, 1984; Buesch and others, 1994; Steve Beason, Bureau of Reclamation, oral commun., 1994) . These subsurface data also indicate 125+9 m of down-to-the-west vertical separation on the top of a subunit within volcanic rocks of the Tiva Canyon Tuff ( fig. 3 ) (Scott and Bonk, 1984; Buesch and others, 1994; Sawyer and others, 1994) .
The central section of the Bow Ridge fault follows the western margin of several small discontinuous bedrock ridges on the west side of Midway Valley, an alluvial-filled depression on the northeast comer of Yucca Mountain (figs. 2,4). There are no fault scarps or other direct surface expressions of the fault in the Quaternary colluvial or alluvial deposits at the base of the ridges ( fig. 5) . The fault at depth in this area has been located by gravity and aeromagnetic anomalies in shallow geophysical surveys (Scott and Bonk, 1984; Ponce and others, 1993) . In several trenches at the base of Exile Hill, the buried fault zone displaces Pleistocene deposits beneath a thin veneer ( I 1 m thick) of undisturbed sediments (Swadley and others, 1984; Menges and others, 1994; Taylor and Huckins, 1994) . This deformation establishes the Bow Ridge fault as one of seven major normal fault systems in the site area that has documented Quaternary activity and that bounds large northeast-tilted fault blocks in the Yucca Mountain area (Simonds and Whitney, 1993; Menges and others, 1994; Simonds and others, 1995) . Thus, knowledge of the late Quaternary faulting patterns of the Bow Ridge fault is important for estimating seismic hazard and fault displacement because of proximity to the potential repository site. This report presents summaries of the paleoseismic investigations conducted to document the Quaternary displacement history of the Bow Ridge fault at two trenches (14D and 14C).
Previous investigations
The two trenches discussed herein are part of five trenches excavated across the surface trace of the Bow Ridge fault at the western base of Exile Hill (figs. 2,4). Trench 14 was opened in 1982, and preliminary mapping of the trench was completed by Swadley and others (1 984). The information yielded by this trench sparked controversy about pedogenic versus hydrothermal origins of secondary carbonate and silica veins in the fault zone (Quade and Cerling, 1990; others, 1991, 1992; Huckins, 1986, 1994) . However, the trench provided sparse and poorly resolved data on the amount and timing of late Quaternary movement on the Bow Ridge fault because only middle Pleistocene and older deposits predominated in the trench, and evidence for discrete displacements in Quaternary units were absent. Swadley and others (1984) proposed a crude age bracket of <270 +90 ka and >38f10 ka for the age of the most recent fracturing event(s) on the fault at this site using age control provided by U-trend analysis of stratigraphic units in the trench.
Trench 14 was deepened and five new trenches (14A to 14D) were excavated in 1985 in order to define the Quaternary displacement history of the Bow Ridge fault (fig. 4) . The fault zone in trenches 14A and 14B is developed entirely in bedrock and, thus, neither trench was logged. Detailed relogging by Taylor and Huckins (1 994) of trench 14 indicated an older interval of bedrock faulting and a younger episode of multiple Quaternary events that could not be differentiated individually. A broad, late Bow Ridge Fault from trench. Pleistocene age for the most recent sequence of events is indicated by basaltic ash disseminated in several (Swadley and Hoover, 1984; Taylor and Huckins, 1994) . This ash is correlated provisionally with tephra from the Lathrop Wells volcanic center that is assigned a general late Pleistocene age others, 1992, 1995) . Trenches 14C and 14D both reveal a well-defined fault zone that displaces middle to upper Quaternary deposits. Taylor and Huckins (1994) identified three events with a cumulative vertical displacement of 50 cm in late-middle and late Pleistocene time (between 270 ka and 10 ka) fiom exposures of the fault in late Quaternary deposits in trench 14D.
In June 1992, trench 14D was extended by backhoe 40 m to the east, for a total length of 50 m ( fig. 6 ). The trench extension was required in order to determine if another Quaternary strand of the Bow Ridge fault exists in bedrock at the base of Exile Hill.
A box network of auxiliary trenches 7 m on a side also was excavated around the main fault zone to the north of the western end of trench 14D in an attempt to gain three-dimensional exposures of displaced Quaternary deposits ( fig. 6 ). The long axis of trench 14D is oriented N. 87"E., approximately perpendicular to the fault zone, and the trench reaches a maximum depth of 3.5 m. Trench 14C was not modified; it is oriented N. 75"W. and is 10 m long and 2 m deep. The logs and data presented herein are from trench 14C and the modified trench 14D. fissure fills within the main fault zone in trench 14
Methods
Detailed maps, or logs, have been prepared for the southern walls of both trenches, as well as the northern and southern walls of the north branch of the box extension in trench 14D (pls. 1 4 ) . The box extension of trench 14D and trench 14C (pls. 1,2,4) were logged using conventional gridding and manual measurement-plotting techniques (Hatheway and Leighton, 1979 ; Emily Taylor, U.S. Geological Survey, written commun., 1990). The log of the southern wall of trench 14D (PI. 3) was prepared using a total-station theodolite for plotting and measuring the position of mapped features (R. E. Klinger, Bureau of Reclamation, written commun., 1993) . These trench logs are supplemented by detailed field descriptions of lithologic units and soil profiles that are presented in tables 1-4. The soil profiles were described at selected locations utilizing the procedures and nomenclature of Birkeland (1984) Birkeland (1984) and Machette (1985) .
Relations among lithologic units, soils, and deformation (that is, fissures, shears, fiactures, and unit displacements) are used to interpret characteristics of surface faulting events (Swan and others, 1980; Schwartz, 1988; Nelson, 1992 
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Munsell soil color charts, revised edition, 1992. 'Texture: I, loam; s, sand. 3Structure, gade: 1, weak, 2, moderate; size: f. fine; m, medium; c, coarse; type: pl; platy; pr, prismatic; sbk. subangular blocky. 4Consistency. dry: so, soft; sh, slightly hard; h, hard; eh, extremely hard. 'Consistency, wet: so. nonsticky; ss, slightly sticky; PO, nonplastic; ps, slightly plastic. karbonate stage morphology defined in Birkeland, 1984. 7Effervescence: in cold, dilute hydrochloric acid; vse, very slightly effervescent; e, effervescent; em, moderately effervescent; es, strongly effervescent. *Cementation: C03, carbonate; Si02. silicate; strength: cw, weak; ci, indurated; type: cont, continuous; disc, discontinuous. gHorizon boundary (lower): not exp, not exposed; distinctness: a, abrupt; c, clear; topography: s, smooth; w. wavy. 'ORoots, abundance: 1, few, 2, common; size: vf. very fine; f. fine; co, coarse; location: disp, dispersed. "Pores. abundance: 1, few. 2, common, 3. many; size: vf. very fine; f, fine; m, medium; shape: v. vesicular, I. irregular or interstitial; t. tubular, location: disp, dispersed. "Rhizoliths. abundance: 1, few; 2, common; size: f, fine; m. medium. I3Clay films, frequency: 1, few; 2, common; distinctness: f, faint; location: pf, ped faces; PO, pores. displacements at selected dated horizons; and (c) age constraints for faulting events. Paleoseismic parameters such as recurrence intervals and fault slip rates are derived from these data. All uncertainties in the paleoseismic data are described and incorporated in the calculation of recurrence intervals and slip rates.
Age control for faulted and unfaulted deposits and soils are provided by several techniques. A general chronologic framework is provided by a composite Quaternary chronosequence of surficial deposits in Yucca Mountain developed in previous and ongoing studies Hoover, 1989; Wesling and others, 1992; John Wesling, Geomatrix, written commun., 1993; Lundstrom and others, 1993, in press) . Samples have been collected and analyzed from mapped lithologic units in trenches 14D and 14C as part of an integrated program designed to provide direct geochronologic control for paleoseismic investigations at Yucca Mountain (Paces and others, 1994) .
The studies employ two basic dating techniques:
U-Th disequilibrium series (U-series) analyses of secondary pedogenic carbonate and silica laminae and matrix soil carbonate; and thermoluminescence (TL) analysis of he-grained, polymineralic sediment.
Refer to Paces and others (1994) and J.B. Paces and others, U.S. Geological Survey, written commun., 1995, for discussion of sampling and analytical procedures. Samples in both trenches were collected primarily from the footwall block adjacent to, but not in, the main fault zone in trench 14C and the southern wall of the northern branch in trench 14D. Three samples from trench 14D were dated by U-series and two were dated by TL methods. The U-series method was applied to two samples from trench 14C. Some of the ages included in this report have been revised from those reported by Paces and others (1994) and as reported in J.B. Paces and others, U.S. Geological Survey, written commun., 1995. The ages reported in this paper are still preliminary in nature and thus are subject to further change.
TRENCH STRATIGRAPHY AND SOILS
Trenches 14D and 14C contain a vertical sequence of lower Pleistocene to Holocene lithologic units deposited along the western margin of Exile Hill (pls. 1-4; figs. 7,8; tables 1,2). Bedrock is exposed only in the eastern section of trench 14D, 15 m to the east of the main fault zone. This bedrock consists of middle Miocene Tiva Canyon Tuff (Scott and Bonk, 1984; Buesch and others, 1994; Sawyer and others, 1994 ) that grades upward into carbonate engulfed colluvial rock fragments buried by a 1.5 to 2 m thickness of surficial deposits. The Quaternary section in trenches 14D and 14C comprises a westwardthickening package of surficial deposits of mixed colluvial, alluvial, and eolian origins that have been subdivided into 8 to 15 lithologic units (tables 1,2) . Most of the units are fine-to medium-grained silty sand to sandy silt with varying proportions of pebblecobble gravel interbeds. These sediments typically are unconsolidated to moderately cemented, very poorly sorted, and massive to poorly bedded. The deposits include locally derived colluvium, eolian mantles, poorly channelized fluvial gravels, and localized debris flows. Many of the pebbly fine-grained colluvial and eolian units have been reworked locally by slope wash. The most recent event (Z) on the main trace of the fault is well defined by vertical displacements of marker horizons associated with development of a prominent scarp-derived colluvial wedge.
Deposits in trench 14C and the western end of trench 14D contain a complex set of weakly to well developed soils (pls. 1-4; tables 3,4). The sequence includes a vertically stacked to partially overlapping series of two to five buried paleosols below a thin surface soil. The buried soils are 0.3 to 2 m thick and consist of carbonate and silica accumulations (Bkq to Kq horizons with Stage I1 to IV carbonate morphologies) and (or) argillic horizons with Bt or Btk morphology. The surface soil is relatively thin (10.5 m) and consists of at most a Bw or weak Bt horizon above a Bk horizon with Stage I carbonate coatings on clasts. To the east in trench 14D, these soils merge together gradually in the upslope direction into a single composite relict soil. Laboratory data for soils in the west part of the south branch of trench 14D are described in Taylor and Huckins (1 994).
The the discussion below, individual units at each site have been grouped on the basis of general similarities in lithology, stratigraphic positions, and soil-stratigraphic characteristics. This table also contains age assignments based on both specific geochronologic data and general correlations between deposits in the trenches and units in a chronosequence developed for the Midway Valley area of Yucca Mountain Wesling and others, 1992 ; John Wesling, Geomatrix, written commun., 1993; Lundstrom and others, 1993, in press).
The principal sets of units, associated soils, and available age control in these stratigraphic sequences are summarized as follows for the south (S) and north (N) branches of trench 14D, which contain the most complete stratigraphic sequences and most of the available geochronologic control (pls. 1-3; figs. 7,8). Above bedrock and associated colluvium (unit 1, S) on the south branch is group A, which includes several layers (units 2 4 , S) of silty sands with scattered gravels that are impregnated predominantly with Stage III carbonate and silica. These units may correlate with the basal sandy gravel unit on the north branch (unit 1, N). A U-series age from a poorly exposed petrocalcic soil in this basal unit has excess 230Th and depleted 234V; thus, this soil is at least 400-600 ka and probably exceeds 700 ka (pl. 1 ; sample HD968; Paces and others, 1994; J.B. Paces and others, U.S. Geological Survey, written commun., 1995).
sand layers with locally interbedded sandy gravel that overlies the older group of deposits in both branches of the trench. In the south branch these deposits consist of several lenses of sand and gravel that are complexly imbricated to the west in the downslope direction (units 5-9, S); these units grade laterally into gravelly sand and silt layers in the north branch (units 2-5, N). A thick complex petrocalcic soil with Stage II to IV carbonate morphologies is developed within this sequence. Secondary carbonate and silica commonly has accumulated in this buried soil within Group B is a 1-to 3-m-thick sequence of silty TRENCH STRATlGRAPHY AND SOILS texturally controlled laminae that are concentrated in at least two subhorizontal zones. Geochronologic data from the north branch indicates a late middle to early late Pleistocene age for these units. Specifically, the lower carbonate laminar zone yields poorly constrained composite U-series ages from two samples of 340 + ?/-120 ka and 234 +47/-35 ( fig. 7; samples HD969 and HD970, respectively; J.B. Paces and others, U.S. Geological Survey, written commun., 1995). These dates represent minimum pedogenic ages for carbonate accumulation postdating deposition of the units (units 2 and 3, N) . A depositional age of 132K23 ka ( fig. 7 ; sample TL-09) was determined for a TL sample collected from the overlying silty sand unit (unit 4, N). Carbonate-silica laminae from the base of the upper carbonate zone of the petrocalcic soil provides four U-series ages that are concentrated between 135 and 145 ka ( fig. 7 ; 98 k 15 ka, 137 +36/-28 ka, 139 +34/-27 ka, 144 +37/-28 ka, sample HD971; J.B. Paces and others, U.S. Geological Survey, written commun., 1995). These dates represent close minimum ages for calcic horizon development at the top of the depositional package (unit 5, N).
trench is a distinctive reddish brown clay-rich silty sand, 1 1 m in thickness, with colors, texture, and structure indicative of an argillic horizon (unit 1 1, S; unit 6, N) designated as group C. Stratigraphic relations require that group C units and the associated argillic horizon development be younger at least in part than the underlying petrocalcic soil, although some of the late-stage carbonate accumulation probably overlaps in time with the formation of the overlying argillic horizon. In the south branch, this deposit and soil thins and eventually pinches out upslope to the east. To the west, a series of fluvial channel gravels (units 12 and 13, S) are inset into, and partially to completely cut out, the underlying argillichorizon unit. These gravelly deposits are themselves overprinted by additional argillic B-horizon development.
Group D includes thin layers of silty sand 10.4 m in total thickness (unit 7, N and unit 14, S) that were deposited on the underlying units of group C. Group D is present only in the western part of trench 14D, where it buries the main fault zone. Local vesicular textures indicate that in places, the unit contains a buried Av horizon formed primarily on eolian or reworked eolian deposits. Distinguishing Above the petrocalcic soil in both parts of the characteristics of these units include a pale orangeishbrown color, large subangular blocky structure, and formation of a duripan soil horizon characterized by moderate to strong cementation by secondary silica with little or no visible carbonate. A late Pleistocene depositional age of 48 k 20 ka is provided by a TL sample ( fig. 7; 14D (pl. 4) . The upper part of trench 14C includes a thin sequence of sandy and silty deposits (units 5 and 6) with soils that are correlative with groups E and C in trench 14D. Units with duripans typical of group D are not present in trench 14C. The lower part of trench 14C comprises a sequence of gravelly silty sand and sandy gravel (units 4 through 1) that contain a thick (> 1 m) petrocalcic soil with carbonate Stage III-IV morphology. Although more strongly developed, this soil correlates best with the lower zone of the calcic soil developed in group B in trench 14D. This correlation is suggested by four U-series ages between 224 and 400 ka from the upper part of this petrocalcic soil (PI. 4; 240 +140/-7 1,400 +?/-230, sample HD965 and 224 +70/-47,229 +70/ -47, HD966). These ages indicate that at least some of the secondary carbonate accumulated penecontemporaneously in the petrocalcic soils of both trenches.
STRUCTURAL FEATURES
The main strand of the Bow Ridge fault in trenches 14D and 14C is characterized in the lower part of the trench walls by a very distinct, irregular 20-to 40-cm-wide shear zone. Multiple veins and laminae of secondary carbonate and silica coat the walls of this shear zone. Many individual component fractures in the zone are coated as well. Three sets of fissures have developed along the main fault in the north branch of trench 14D. These fissures are filled with several deposits of sand, silt, and gravel with at least two distinct stages of cementation by carbonate and silica. That is, younger uncemented fissure fill (F3) is juxtaposed against an older set of wellcemented fissure fill material (Fl). Unit F2 consists of coatings of carbonate on the shear zone that are associated with the F3 fill generation. There are numerous clasts with their longest dimensions oriented parallel to the shear zone within the fault zone in both exposures of trench 14D. This clast imbrication is imparted primarily by gravel falling into open fissures along the fault and (or) clasts deposited within colluvial wedges that abut against a scarp free-face.
Slip indicators in the fault zone are indistinct and ambiguous. However, several sets of striations were measured on carbonate laminae along fissure faces of the fault zone in the northern branch of trench 14D. These striations plunge 35' to 65" to the southeast, and thus, if tectonic in origin, indicate oblique net slip. The trend and plunge of these striae within the fault zone are consistent with a component of left-lateral slip.
15"E and dips 80°-85'SE, indicative of slight over steepening of the fault in the direction of the downdropped block. This is probably a near-surface phenomenon; subsurface data indicate steep westerly dips at depth as noted previously. The fault trace is best expressed in both trenches where it displaces units and carbonate-silica laminae in the petrocalcic soil of groups A and B. The fault zone can be traced upwards through the argillic horizons of group C units in trench 14D by either weakly expressed filled fissures or by tectonic alignment of clasts along the fault zone. The fault trace terminates abruptly beneath undisturbed deposits of group D and E in the upper One or two distinct zones of fracturing with east of the main fault zone in trench 14D. These secondary fracture zones are narrow, commonly <20 cm in width, and superficially resemble fault zones, although they lack fissures or aligned clasts such as those associated with shearing and displacement on the main fault zone. There is an eastern strand of the Bow Ridge fault in trench 14C that may have minor displacements (<15 cm total) near the base of the trench (pl. 4).
Numerous small secondary fractures with little or no offset occur within a 2-to 3-m-wide zone of deformation to both sides of the main fault. These fractures typically are very thin (I1 cm in width) and are delineated by thin coatings of carbonate or silica where they have formed in the petrocalcic soil of group B units. Individual fractures have highly variable orientations and locally may be traced to the upper contacts of several different units in group B (such as units 4 and 5 in the north wall, north branch of trench 14D; fig. 7 ; pls. 1,2). Several fractures may continue upward into the overlying argillic horizon of group C units, although they are difficult to trace unambiguously through the unit because of masking by pedogenic structure in these clay-rich horizons. One fracture set defines a broadly distributed deformation zone that dips moderately to the southeast on the hanging-wall block on the northern wall of the north branch. There is no evidence in either trench of eastward backtilting or antithetic graben formation in the hanging wall of the fault.
PALEOSEISMIC INTERPRETATIONS

Event Identification
Two to three faulting events are interpreted from exposures within stratigraphic groups B and C in the north and south branches of trench 14D (table 6; figs. 7,8; pls. 1-3). The most recent event (event Z) recorded in the upper stratigraphic units is best expressed in the south branch trench, whereas the older events (events Y and X) are better exposed lower in the section in the north branch trench. The fault zone in trench 14C shows evidence for multiple faulting events that individually are poorly resolved owing to poorly defined stratigraphy, overprinting by pedogenic carbonate, and the absence of discrete vertical displacements on the fault, which can be tied to specific marker horizons. Thus, a composite sequence of faulting events based on data from both branches of trench 14D is summarized below.
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Evidence for identifying specific fault displacements in these trenches typically is localized at discrete lithologic contacts, or event horizons, that are assumed to correspond to the land surface at the time of surface rupturing associated with paleoearthquakes (Swan and others, 1980; Schwartz, 1988; Nelson, 1992) . The identification of event horizons in trenches 14D and 14C was based on several criteria which include the following, in order of importance: (a) progressive up-section decrease in the displacement of successive marker horizons; (b) development of fissure fills and carbonate coatings that terminate at specific horizons in the fault zone; (c) local upward terminations of fractures at specific horizons; (d) disruption of a unit by shearing or fracturing; (e) the position of colluvial wedges on the downthrown block that are inferred to result from scarp degradation following surface ruptures (Swan and others, 1980; Nelson, 1992) ; and ( f ) cross-cutting relations among more than one set of shears or fractures at a specific stratigraphic or pedogenic horizon. Multiple criteria are used to identify events in order to increase reliability in identification (table 6).
Deformation predating the most recent event is best expressed in the north branch of trench 14D (table 6; fig. 7 ). The oldest faulted unit, unit 1, is present only at the base of the trench wall in the footwall; the position of unit 1 on the hanging wall, and thus thecumulative displacement of the unit, cannot be determined directly. A possible old event (event X) near the base of the trench is identified by an apparent increase in displacement of unit 2, relative to stratigraphically higher units, and by a possible colluvial wedge (unit 3a) that may be associated with a buried paleoscarp (unit 3b). However, this event is difficult to identify with certainty because of poor stratigraphic definition of units in this section of the trench that is compounded by pedogenic overprinting. The penultimate event (event Y; fig. 7 ) is interpreted with greater confidence at the top of unit 4 on the basis of: (a) an abrupt downsection increase in the displacement of unit 4 and associated soil horizons; (b) upward terminations of shears, fractures, and an early-stage cemented fissure fill unit (unit Fl); and (c) a possible small scarp-derived colluvial wedge (unit 5a). Event Y may be present at the top of unit 9a in the southern branch (fig. 8) ; however, event recognition in this interval is very uncertain because of ambiguous stratigraphic and structural relations that are imparted by massive fine-grained units and severe oveqknting by petrocalcic soil development.
The most recent event (event Z) is present in both branches of trench 14D, although the displacement is larger and best expressed in the south branch of the trench ( figs. 7,8) . Event Z displaces the argillic horizon of group C in both branches of the trench (unit 6a, fig. 7; unit 11, fig. 8 ). In the south branch of the trench, event 2 displaces a debris-filled cavity (unit 1Oc) previously developed in the fault zone within the upper petrocalcic soil of unit 9. On the hangingwall block, the displaced argillic horizon of unit 11 is overlain by a distinct gravelly colluvial wedge (unit 13a) interpreted as derived from scarp degradation of the surface rupture. Numerous aligned clasts in this unit are inferred to represent progressive buildup ofthe colluvial wedge against the scarp-free face. m e overlying unit 14a is &aped across a paleoslope, and a slight topographic depression interpreted to have been created by surface rupture along the fault zone. This unit may represent a fine-grained wash facies of the wedge, which essentially buries the fault subsequent to deposition of the colluvium and infilling of the scarp. In the north branch of the trench, an equivalent unit (unit 7a, N) fills a distinct tectonic depression developed on the fault during the most recent event as well ( fig. 7) . A 3-m-deep fissure filled with uncemented debris (F3) is associated with the penultimate event in this branch of trench 14D.
A set of fractures with no detectable displacement can be traced upward into unit 14 at, and to the west of, the fault zone in the south branch of trench 14D ( fig. 6 ). Several poorly defined fractures occur at this stratigraphic horizon in the northern branch ofthe trench as well, The origin of these fractures is uncertain, as they are not associated clearly with any displacement event on the Bow Ridge fault itself. The fractures may be related to ground shaking during an earthquake on a neighboring fault zone.
It is difficult to identify faulting events in trench 14C, and correlating these events with those in trench 14D is not reliable. Cross-cutting relations among carbonate-coated fractures and carbonate-silica soil laminae in the main western fault zone indicate at least two events recorded in horizons near the top of the petrocalcic soil (unit 4, pl. 4). The two possible events may correlate with two events in trench 14D. Several features, including an incremental increase in displacement and an inferred colluvial wedge, are indicative of a possible third event at the top of unit 2.
Older events are difficult to recognize in trench 14C due to soil overprinting and difficulties in correlating units across the fault zone in the lower part of the trench.
Displacements per Event
Single-event displacements are derived fiom measurements of offset horizons on trench logs, using projections into the fault zone of undeformed parts of marker horizons present on both sides of the fault. The displacement values are verified with direct field measurements where possible, as well as with indirect data, such as the thicknesses of inferred scarp-derived Colluvial wedges. Table 7 Presents estimates of vertical and net displacements per event derived from trench exposures combined with slickenline orientations in the fault zone itself-The displacements Per went are derived Primarily from the i~~r e m e n t a l increase in the offset of a given event horizon, relative to the displacement of overlying hOrizons Or fe&~eS. Preferred values for the amount of displacements Per event are presented for each interpreted event horizon. Most preferred estimates involve a significant amount of judgement that typically is weighted to the most reasonable amount of displacement Observed at each event horizon.
Estimates of oblique components of net slip are derived from the measured vertical displacements using the orientations of two possible slickenline sets developed as striations on carbonate laminae in the fault zone. Net displacements are calculated by vector addition of the slickenline orientations to the measured vertical displacements. This involves the assumption that the slickenlines accurately reflect the direction of slip during the paleoearthquake event. This assumption is probably valid if the carbonate striations measured in the trench are tectonic in origin.
The amount of vertical displacements per event in both branches of trench 14D ranges from 1 to 46 cm (table 7) . Preferred estimates range from 10 to 40 cm, values that are fairly similar to the maximum thicknesses of the inferred scarp-derived colluvial wedges. Adjustments for oblique slip increase these values by factors of 1.1 to 1.7, which yield preferred values for net-slip displacements of 11 to 70 cm. The displacement for the most recent event decreases by a factor of two from the south to the north branch of the trench. Vertical displacements per event are very small ( 4 0 cm) in trench 14C. For example, the displacement produced by the most recent event near the top of the petrocalcic soil is 0 to 5 cm. No slip data are available to compute net slip amounts for this trench. Displacement produced by at least the two most recent and best constrained events appears to decrease to the north between trenches 14D and 14C.
Recurrence Intervals
Age Constraints on Faulting
Age control for faulting events is developed from the relations between event horizons and the estimated ages of lithologic units in the trench. The ages of units are derived from geochronological analyses of datable materials combined with general soil-stratigraphic relations (see previous section; fig. 9 ; table 5). Most of the dated deposits and soils are not directly associated with faulting but rather occur in the stratigraphic sequence either above or below the interpreted event horizon. Thus, the dated units provide only minimum or maximum ages that can be used to bracket the timing of paleoearthquakes recorded in surface-rupturing events. However, a dated deposit or soil that is related to a faulting event, such as scarp-derived colluvial wedges or deposits draped across a depression created by fault rupture, can provide a close minimum or maximum constraint on the associated paleoearthquake. Depositional rates can provide a means for additionally constraining event horizons (Sieh, 1978; Biasi and Weldon, 1994) . Such depositional rates were not computed in trench 14D because the presence of well-developed soils does not support the assumption of constant rates of deposition in the stratigraphic sequence.
All of the available geochronologic age control is derived from the north branch of trench 14D, as summarized in the preceding section on stratigraphic upper petrocalcic soil and overlying unit with the argillic horizon (unit 6, group C). This event is bracketed between the ages of the deposits derived from two TL dates (figs. 5 and 6). Unit 4 in group B is stratigraphically below the event (see above), and unit 7 in group D deposits (TL-06,485?0 ka) directly overlies the event horizon. The latter unit probably was deposited as a fine-grained wash facies of scarp colluvium in a tectonic depression that formed during the most recent displacement event (event Z). Thus, the age probably represents a close minimum constraint for this faulting event. Deformational features associated with the most recent rupture lack significant carbonate coatings, although the calcic soil is itself faulted. These relations suggest that event Z certainly postdates most of the carbonate accumulation in the upper zone in the petrocalcic soil that has U-series ages as young as 98f15 ka (sample HD971). The set of younger fractures developed on the fault zone and hanging-wall block continues upward and is truncated by the uppermost layers of unit 14b in the southern branch of the trench.
The most recent event (event Z) displaces the
Paleoearthquake Recurrence
Recurrence intervals are defined as the time intervals between successive surface-rupturing paleoearthquakes. It is difficult to compute recurrence intervals for trench 14D because only two to three events with adequate age control are recognized and the age constraints on the events have poor resolution. The minimum number of events required to calculate average recurrence intervals is identified if the possible oldest event X is used in the computation. Two individual recurrence intervals between events Z and Y and events Y and X can be estimated with limited resolution. As noted earlier, the available evidence suggests that the time interval between each event and the corresponding age control is relatively short, which is advantageous for calculating recurrence intervals.
between events that incorporate analytical uncertainties in the age determinations. Estimates of the individual recurrence intervals range from 40 to 350 ka; preferred values are 90 to 2 10 ky based on geologic and pedogenic constraints. The average recurrence intervals between the last three events Z to X range from 75 to 215 ky, with a preferred value of 100 to 140 ky. The large range of variation in the recurrence interval estimates results from a combination of dating uncertainties, the broad time range spanned by the dated horizons, and sample context problems arising from ambiguities in relating dated units to the faulting events. More precise estimates cannot be determined from the available data.
These ages are used to estimate the time interval Fault Slip Rates amount of net cumulative displacement of a given reference horizon by the age of the horizon, given in standardized units of millimeters per year (mm/yr). The cumulative displacements of the offset reference horizon are measured directly from the log. Oblique net slip is computed as before by vector addition of inferred slickenline orientations measured from striations on carbonate laminae in the fault zone. The resulting slip rates are average values that use time intervals from the present to the ages of the displaced horizons. The cited range in slip rates includes uncertainties in both age control and the net cumulative displacement of the reference horizon.
branches of the trench, were used as reference datum for slip rate calculations ( Adjustments for net slip give preferred values of 35 to 56 cm. Slip rates also were computed for unit 9d at the top of the upper petrocalcic soil in the southern branch. The minimum age of this unit is 2135 to 145 ka, based on an U-series age from carbonate laminae in the associated petrocalcic soil. This unit was included in the calculations, even though it is displaced by only one event, because it is useful to sample the larger fault displacement observed in the southern branch. As noted earlier, the preferred displacement value is 40 cm for this unit, which yields preferred net slip determinations of 44 to 70 cm. The resulting fault slip rates for both reference units range from 0.002 to 0.007 m d y r ; preferred values are 0.003 to 0.005 mdyr. Overall, an average slip rate of 0.003 m d y r best characterizes late Pleistocene activity on the Bow Ridge fault at this site. However, it should be emphasized that fault slip rates computed from trench 14D exposures should be treated with caution because they are based on, at most, two events. Thus, these rates do not meet the ideal condition where fault slip rates are averaged over a number of events. Slip rates from the Bow Ridge fault also are heavily influenced by the elapsed time since the most recent event because they span only one interval between events Z and Y.
RUPTURE LENGTHS
The length of the Bow Ridge fault is somewhat uncertain because most of the surface trace is concealed beneath Quaternary alluvium and colluvium ( fig. 2) . The termination of the fault to the north of Exile Hill is poorly constrained; Scott and Bonk (1984) project the fault northward to intersect a buried fault in Yucca Wash, whereas Simonds and others (1995) deflect the subsurface extension to the northwest to join with a fault mapped along a northwest-trending bedrock valley. To the south, the Bow Ridge fault is exposed as a bedrock scarp in a saddle beneath Bow Ridge. The fault is projected commonly beneath alluvium in the canyon to the southeast where it may join with the Paintbrush
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Canyon fault beneath Dune Wash (Scott and Bonk, 1984; Scott, 1992; Simonds and others, 1995) .
Likewise, the lateral extent of the surface rupture of the Bow Ridge fault is not well determined because of the lack of surface expression of the fault.
Quaternary rupture does not appear to extend to the north of Exile Hill (fig. 2 ). An exploration trench (trench A/BR-3) excavated across a vegetation lineament on the projected trace of the fault to the north of the ridge did not reveal any fault disturbance in middle to late Pleistocene alluvium (J.R. Wesling, Geomatrix, written commun., 1994) . Bedrock is faulted against bedrock with no displaced surficial deposits in the northernmost trenches (14A and 14B). There is little or no displacement of late Pleistocene colluvium in either trench 14 or 14C, although correlative units are offset to the south in trench 14D. These relations suggest a probable termination of late Quaternary surface displacement in the trench 14 area.
The extent of rupture to the south likewise is not well constrained. The fault trace probably continues 4 km along the western margin of Midway Valley to at least connect with the bedrock scarp in a trench (trench 13) at a bend in the fault in the valley below Bow Ridge (fig. 2) . The Bow Ridge fault likely projects beneath alluvium another 3 km to the southeast to merge with the southern Paintbrush Canyon fault, based on extrapolation from geologic mapping (Scott and Bonk, 1984; Scott, 1992; Simonds and others, 1995) , although there is no surface expression of either fault in this area. Such a projection would give a total rupture length of the fault between 5 and 8 km. There is no evidence for geometric or rupture segmentation of the fault, and partitioning of the structure seems unlikely given its short length.
CONCLUSIONS
The following conclusions are presented for the Bow Ridge fault at Yucca Mountain on the basis of paleoseismic investigations at trenches 14D and 14C (table 9). 1. Both trenches show evidence of multiple late Quaternary faulting events along a northnortheast-striking, steeply west-dipping fault zone developed in middle to upper Quaternary alluvium, colluvium, and eolian deposits. 2. The Bow Ridge fault is characterized by a subvertical 20-to 40-cm-wide fault zone consisting of multiple carbonate and silica laminae and at least two different generations of debris-filled fissures. Several secondary fracture zones and numerous thin, dispersed carbonate-coated fractures are developed in a broad deformation zone within 2 to 3 m of the main fault.
footslope colluvium, slope wash alluvium, eolian mantles, and local channel deposits that have been subdivided into five basic groups of sediments. The age of these deposits range from early Pleistocene to Holocene, on the basis of two TL and three U-series disequilibrium ages from trench 14D, combined with correlations to 3. The stratigraphy in both trenches consists of 
